Digital breast tomosynthesis (DBT) is a novel x-ray imaging technique that provides 3D structural information of the breast. In contrast to 2D mammography, DBT minimizes tissue overlap potentially improving cancer detection and reducing number of unnecessary recalls. The addition of a contrast agent to DBT and mammography for lesion enhancement has the benefit of providing functional information of a lesion, as lesion contrast uptake and washout patterns may help differentiate between benign and malignant tumors. This study used a task-based method to determine the optimal imaging approach by analyzing six imaging paradigms in terms of their ability to resolve iodine at a given dose: contrast enhanced mammography and tomosynthesis, temporal subtraction mammography and tomosynthesis, and dual energy subtraction mammography and tomosynthesis. Imaging performance was characterized using a detectability index d', derived from the system task transfer function (TTF), an imaging task, iodine contrast, and the noise power spectrum (NNPS). The task modeled a 5 mm lesion containing iodine concentrations between 2.1 mg/cc and 8.6 mg/cc. TTF was obtained using an edge phantom, and the NNPS was measured over several exposure levels, energies, and target-filter combinations. Using a structured CIRS phantom, d' was generated as a function of dose and iodine concentration. In general, higher dose gave higher d', but for the lowest iodine concentration and lowest dose, dual energy subtraction tomosynthesis and temporal subtraction tomosynthesis demonstrated the highest performance.
INTRODUCTION
Breast cancer screening in x-ray imaging with conventional mammography is currently the most widely accepted breast cancer screening modality, despite historically demonstrating suboptimal sensitivity and positive predictive value 1, 2 in denser breast tissue. Because mammograms are a single projection radiograph of the compressed breast, the super-imposition of fibro-glandular tissue can reduce lesion visibility. 2 Digital breast tomosynthesis (DBT) is a novel imaging technique that produces a three-dimensional volume of the breast, and as such it has the potential to increase sensitivity and specificity when compared to conventional mammography. Tomosynthesis projections are acquired as an x-ray tube rotates about the object and detector, and the projections are reconstructed to a tomographic volume similar to computed tomography. The resulting partitioning of the breast may lead to enhanced lesion detection as overlapping dense tissue is reduced.
An accepted method to obtain better lesion diagnosis is with the use of a contrast agent, a chemical compound taken up by the suspicious tissue. Potential benefits of a contrast medium include increased tumor enhancement, as well as an improved understanding of the vasculature surrounding the tumor. The presence of a greater number of blood vessels around cancerous cells increases transport to the area, and the distinct pattern of leaky neovasulature surrounding the tumor cells 3 enables release of contrast outside the vessels. The tumors form pools of fluid around them as the contents of the vessels pass through the permeable membrane, and kinetics of the tumor over time improve differentiation of benign versus malignant. 4 To best eliminate anatomical background, subtraction techniques may be used after contrast injection. In addition, the two subtraction techniques investigated in this study are temporal subtraction and dual energy subtraction.
In this study, we investigated the imaging characteristics of the aforementioned imaging paradigms in terms of their ability to detect differential iodine concentrations in the breast and create the greatest separation between signal in a lesion and the background. The six imaging paradigms were conventional mammography and tomosynthesis, temporal subtraction mammography and tomosynthesis, and dual energy subtraction mammography and tomosynthesis. To do this, a cross-comparison was performed of the various imaging modalities to quantitatively determine an optimal imaging technique. This study employed as a figure of merit a detectability index similar to Hotelling observer model described by Burgess et al. 5 The detectability index d' is defined as
NNPS(k) dk
where k is the spatial frequency (mm -1 ), TTF(k) is the system task transfer function, W(k) is Fourier transform of the imaging task, C is the relative contrast of the object, and NNPS(k) is the normalized noise power spectrum, comprising both anatomical, quantum, and electronic noise. The components of d' were measured experimentally or modeled for each modality as dose and iodine concentration were varied. To date there has been no comparison of each approach against an objective metric to guide clinicians on which approach may be of highest clinical value. Table 1 . This table lists the six iodine enhanced imaging techniques explored in this study and the machine specifications under which they were acquired. Low energy shots were obtained using the rhodium (Rh) filter at 28 kVp, while high energy shots were obtained with copper (Cu) and titanium (Ti) filters at 49 kVp. The third column lists the total mean glandular doses at which images for NNPS processing were obtained. Spatial Frequency (Ip /mm) 6 acquired as projection radiographs with no further processing applied, while tomograms were reconstructed using filtered backprojection. Temporal subtraction was achieved by subtracting a mask image from subsequent scans acquired under the same conditions. The low and high energy images for dual energy subtraction were obtained under the aforementioned conditions.
Modality

Target-Filter Combination Doses
TTF
The TTF measures the system resolution for a given task. Typically the modulation transfer function is measured for an imaging system from the detector alone, but the one of the goals of our study was to assess the resolution for decision task under conditions within the breast. For mammography, TTF was derived by embedding a 50 mm x 50 mm x 3 mm acrylic wafer in a 10 mm thick oil bath placed between two 20 mm thick 30/70 breast equivalent BR12 slabs. Due to the translucency of the material, an iodinated edge was used to obtain the TTF for tomosynthesis. The original data and their fits are provided in Figure 1 and Figure 2 . This wafer contained 8.6 mg/cc of iodine against a 50/50 glandular background. The wafer was slightly angulated with respect to the chest wall and imaged at 28k kVp and high exposure with a tungsten anode and rhodium filter. The image where acquired and summed across the angle of the edge. From this the edge spread function (ESF) was obtained and derivated to produce the line spread function (LSF). The LSF was fast Fourier transformed to calculate the TTF. The TTFs were fit with a second or third order Gaussian curve, and normalized to the peak. Because tomosynthesis reconstruction has edge enhancing features, additional harmonics are introduced in the Fourier transform of the line spread function. The resulting TTF could then be normalized to the DC term or to the peak value. Figure 1 . The TTF was obtained using an acrylic wafer in mammography, and a second order Gaussian fit was applied to the empirically obtained TTF data for mammography. This mathematical fit was used in subsequent d' calculations to eliminate the effect of noise.
TTF of tomosynthesis with third order gaussian fit In tomosynthesis, the TTF was obtained using an edge phantom containing iodine contrast against a 50/50 glandular background. A third order Gaussian fit was applied to the empirically obtained data, and this mathematical fit was used in subsequent d' calculations to eliminate the effect of noise.
NNPS
The NNPS measurements were obtained using five 1cm thick slabs of a CIRS model 020 phantom, stacked to simulate a 5 cm thick rigid compressed breast. Illustrated in Figure 3 , the power spectrum of the phantom was obtained from simple mammography, from which it was found β = 2.9. This value is in line with typical values describing the power law nature of breast structure. 6 The noise power spectrum was measured from radiographs of the CIRS model 020 slabs at the aforementioned doses and beam energies tabulated in Table 1 . The five slabs were placed near the chest wall on a digital a-Se direct detector. An area in the resulting digital images was subdivided into three columns and four rows with regions of interest (ROIs) measuring 256 x 256 pixels, producing a total of 12 ROIs per image. Several copies of each imaging condition were obtained to produce a minimum of 4 million independent pixels per the IEC standard for lower statistical variance. Prior to calculating the NNPS, each ROI was multiplied by a scaling factor to adjust for varying levels of exposure within the same image; the scaling factor ensured that each ROI had the same exposure as a reference ROI, taken in this experiment to be the top left-most ROI. Each ROI was then detrended by subtracting a second order fit. The fast Fourier transform was taken, and its absolute value squared was divided by the mean signal in the ROI to obtain the NNPS. Figure 3 . This figure shows a log-log plot of the power spectrum of the CIRS model 020 phantom at a low energy (28 kVp), high dose acquisition. A power fit to the data yields a β value of 2.9, close to literature values, 6 and confirms the validity of our phantom in modeling the power-law relationship of breast structure in projection images. Figure 4 . The figure shows detectability calculated for all the possible dose combinations for one of the imaging modes: dual energy mammography using a Cu filter. The high and low energy combinations for a given total dose were selected by 2D interpolation such that they generated the highest d'.
The resulting two dimensional NNPS was radially averaged and rebinned at frequency intervals of 0.05 lp/mm to obtain a one dimensional NNPS that measured from 0.05 lp/mm to the Nyquist frequency. Lastly, the NNPS was scaled accordingly to ensure that Parseval's theorem held. Conventional and temporally subtracted mammography and tomosynthesis images were acquired at low energy with 28 kVp using a target-filter of W-Rh, while the dual energy images were acquired first at low energy with 28 kVp and at high energy with W-Cu and WTi at 49 kVp. For dual energy subtraction, the optimal weighting was found such that the variance in the subtracted image was minimal, and the optimal dose allocation among the high and low energy acquisitions were used to maximize the value of d'. An surface plot of detectability indices is shown in Figure 4 , highlighting the significance of selecting appropriate high energy and low energy pairs for optimal d' calculation.
Contrast and Task
The task was mathematically modeled as a designer nodule with diffuse edges, and normalized to a magnitude of one. The values of iodine contrast measured under each imaging condition determined the magnitude of the task. The contrast was measured empirically using 50/50 glandular equivalent chips doped with iodine concentrations ranging from 2.1 mg/cc to 8.6 mg/cc. We found that the percent contrast of the chips did not change with dose, so the measurements were made at very high doses to minimize the effect of quantum noise.
RESULTS
In general, detectability indices increased with respect to dose until a plateau, at which point d' leveled off for increasing dose. As iodine concentration is increased in the simulated lesion, detectability indices increased nearly linearly with the tomosynthesis techniques and supra-linearly in mammography techniques. Subtraction techniques in both tomosynthesis and mammography were found to outperform conventional iodine enhanced techniques alone; dual energy temporal subtraction tomosynthesis produced the highest detectability index out of all six imaging modes, while dual energy subtraction tomosynthesis came in second. Among the mammographic techniques, subtraction also demonstrated higher values of d' compared to conventional projection. Iodine Concentration (mg /cc) Total Dose (mGy) Figure 5 . Detectability index was calculated as dose and iodine concentration were varied for each modality. Illustrated here is the data space for dual energy subtraction iodine enhanced mammography with Cu as the high energy filter. d' was seen to increase with dose until a leveling off, while it increased supra-linearly with increasing task magnitude
DISCUSSION
The six imaging modes were assessed on their ability to produce the highest detectability of an iodinated lesion at different mean glandular doses. While images were obtained at discreet doses over a range, d' values were interpolated to obtain indices at specific doses. Since the TTF of the system and the task remained fixed, for a given dose the techniques were effectively measured by how well they reduced noise the anatomical component of the total noise. While imaging at higher doses improved lesion conspicuity and increased the value of the detectability index, illustrated in Figure 5 , in general tomosynthesis techniques outperformed mammography at each dose for a given iodine concentration. Additionally, the subtraction methods were able to effectively eliminate structural noise and produced reduced NNPS values at low spatial frequencies. While it has been argued that the full three dimensional NNPS is necessary to characterize a tomosynthesis system, in reality, the radiologist does not observe a volume consisting of structural noise. Instead, the radiologist scrolls through each 2D slice of the 3D volume, although there is temporal lag between viewing one slice and the next, in addition to the mental integration of the images. The 3D NNPS can then be integrated in the z-direction to produce the 2D NNPS. Nevertheless, this is an area of much research.
While it is possible to obtain images at the lowest possible doses using simple iodine enhanced mammography, its deleterious effect on lesion conspicuity due to quantum noise does not make it a viable option. Tomosynthesis methods proved to provide the best image quality at the lowest doses overall. This is the first research study to objectively and quantitatively assess the imaging capabilities of contrast enhanced mammography and tomosynthesis under comparable conditions. This analysis not only gives insight as to which imaging approach may be most suitable for a woman undergoing x-ray imaging, it also provides a metric that may be used for other quantitative imaging tasks.
CONCLUSION
For various reasons, it may be necessary to lower mean glandular dose when imaging a patient; however, this reduction in dose should not come at the expense of image quality and lesion conspicuity. Results of this analysis indicate that at low doses and low concentrations of a contrast agent, tomosynthesis techniques yield significantly higher detectability indices compared to mammography. This is the first study to compare contrast enhanced mammography and tomosynthesis techniques using an elegant signal and noise analysis.
